Abstract. This paper describes a curved-layer additive manufacturing technology that has the potential to print plastic components with integral conductive polymer electronic circuits. Researchers at AUT University in New Zealand and the National University of Singapore have developed a novel Fused Deposition Modeling (FDM) process in which the layers of material that make up the part are deposited as curved layers instead of the conventional flat layers. This technology opens up possibilities of building curved plastic parts that have conductive electronic tracks and components printed as an integral part of the plastic component, thereby eliminating printed circuit boards and wiring. It is not possible to do this with existing flat-layer additive manufacturing technologies as the continuity of a circuit could be interrupted between the layers. With curved-layer fused deposition modeling (CLFDM) this problem is removed as continuous filaments in 3 dimensions can be produced, allowing for continuous conductive circuits.
Introduction
Rapid Prototyping (RP) is an additive fabrication technology which creates complex 3dimensional prototypes in short times. The rapid prototyping process begins by taking a 3D computer generated file and slicing it into thin slices (commonly ranging from a few microns to 0.25mm per slice depending on the technology used). The rapid prototyping machine then builds the model one slice at a time, with each subsequent slice being built directly on the previous one. The technologies differ mainly in terms of the materials they use to build the part, and the process used for creating each slice of the model [1] .
RP technologies now exist that can make plastic parts and parts in metals such as titanium, and even stainless steel [2] . Not only is the choice of materials and processes increasing, but the last few years have seen a significant reduction in the cost of these technologies.
Fused Deposition Modeling (FDM), the core technology used in this particular project, works by extruding a thin ribbon of plastic as the nozzle of the machine traces each slice. This is then repeated for each subsequent slice of the model. It, in fact, uses 2 deposition nozzles: One for the part material and another for the support material which is used to support overhanging parts [2] .
The parts currently produced by FDM systems are reasonably strong plastic components that are well suited to basic functional testing and can easily be sanded and painted to reproduce the aesthetics of the production product thus also making them useful for consumer testing.
Though each RP technology has advantages and disadvantages over the others, one of the weaknesses common to all current flat-layer RP technologies is a relatively poor surface finishes caused by the 'staircase' effect on curved surfaces and a lamination weaknesses in a direction perpendicular to the layer direction (Fig. 1) . If smooth surfaces are required for the component, the staircase effect can require sometimes substantial post-processing of the part (sanding and polishing) in order to produce smooth surfaces. This paper looks at the application of curved-layer FDM [3] (Fig 2) for producing plastic components with integral conductive tracks that allow for the elimination of wiring or printed circuit boards from products.
Curved Layer Fused Deposition Modeling
This project included the development of a machine capable of constructing a part by depositing the layers of material as curved layers instead of the current flat layers. This new process could be named Curved-Layer Fused Deposition Modeling (CLFDM). The concept behind the technology is as follows: A substructure of 'support material' to the curved part is first created through existing flat-layer methods using a soluble support material. This support structure forms the base onto which the curved layers of product material can then be deposited by having the deposition head precisely follow the contour of the part (Fig. 2 ). The effect of these curved layers is to eliminate the staircase effect altogether, as well as removing the inherent lamination weakness in the direction of the layers.
The bulk of the research being carried out at different universities has been related to investigating alternative materials for FDM and working with a variety of materials including ceramics and metals [4] , high performance thermoplastic composites [5] and metal/polymer composites [6] . While special FDM systems have been designed for experimental deposition of different types of materials with different techniques and much work has been done on the analysis of the mechanism of deposition [7, 8] , very little research has been done on depositing material as curved layer. The literature on RP reveals a research project in which the Laminated Object Manufacturing process was used to create curved layers [9] at the University of Dayton in the USA but the results were limited by the ability to evenly stretch a material over a curved mandrel and the small range materials that could be used. This CLFDM technology opens up an entirely new possibility of building complex curved plastic parts that have conductive electronic tracks and components printed directly as part of the plastic component. It is not possible to do this with existing flat-layer additive manufacturing technologies, particularly on parts that are curved, as the continuity of a circuit would be interrupted between the layers (Fig. 2) . With curved-layer fused deposition modeling (CLFDM) this problem is removed as continuous filaments in 3 dimensions can be produced, allowing for continuous conductive circuits. The elimination of the flat printed circuit boards (PCBs) and possibly even some of the electronic components, such as transistors, that are used in most electronic products creates a whole new type of product in which the housing of the product becomes its electronic circuit. This, in turn, could revolutionize the field of product design which would no longer be constrained by having to design around flat PCBs. It opens up new possibilities for miniaturization and could lead to a new paradigm in direct digital manufacturing in which the cost and size of many electronic components no longer affects the product as they are simply printed as part of the products plastic housing.
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CLFDM System Overview
Two CLFD systems were developed in tandem at the National University of Singapore and at Auckland University of Technology in New Zealand. On the system developed at NUS in Singapore composite material was extruded using an in-house, screw feed system mounted on a Sony Robokids Cartesian robot [ fig. 3 ]. The Auckland University of Technology machine used a modified Fab@Home machine (Fig. 3) to extrude light curing polymer to create curved layer parts. Software was written, in Matlab, that accepted an stl file of a curved part. The software used a simple algorithm to split the part up into the real component and its support material structure by examining the bottom most surface of the part. Any section of that surface that was not at the zero point of the part was considered to have support material below it. The support material component of the part was then put through an algorithm that sliced it up into flat layers (Fig. 4) . The resolution was a variable that could be reduced or increased as needed. The algorithm started at the bottom surface and created a new flat plane above the first surfaces spaced away from the first plane by whatever thickness variable had been set. A second algorithm then created the curved layers for the real part by offsetting from the bottom-most surface to produce the next curved layer (Fig. 4) . An algorithm was then used to combine the results of the other algorithms into a single text file containing first the tool-path for the support material, and then that for the build material (Fig. 4) . The order of the combined file was critical, as the support material needed to be printed in flat layers before the build material was to be deposited as curved layers. The text file was then sent to the machine's microcontroller and used to control the appropriate x, y or z stepper motor to build first the support material structure, and then the real component on top of the support structure. The extrusion head, in the initial tests, was kept extruding at a constant rate. Through these systems, parts were successfully produced that demonstrated the principle of curved-layer fused deposition modeling. Figure 5 shows curved models using light curing polymer on the AUT machine, and parts made on the NUS machine using polymer made from short fibre reinforced composite material.
Advances in Mechanical Design
Work is now underway to allow the CLFDM system to print parts that contain tracks of conductive material within the plastic part itself. The conductive material project will extrude a polymer mixed with carbon nanotubes, and/or other conductive elements. The conductive polymer system will use three different deposition heads, one for each material. Work is also underway to develop effective methods of connecting components to such integral conductive tracks.
Conclusion
This paper describes a novel process known as Curved-Layer Fused Deposition Modeling. This new technology has the potential of being able to print conductive tracks integral to a product which is not possible with conventional flat-layer technologies. This opens up a new field of design in which products might be designed without the restriction of designing around PCBs and wiring looms.
Proof-of-concept machines were built and software algorithms were written that allowed the system to create parts in which support material was first deposited as conventional flat layer structures, and build material was then deposited over the support structure as curved layers. The initial components built by the machine successfully demonstrated the proof-of-concept of Curved-Layer Fused Deposition Modeling.
The creation of the research platform now opens the field to further areas of investigation into curved-layer fused deposition modeling, the first of which is the printing of conductive polymer tracks as part of the other normal polymer tracks that make up the part.
